Methods We compared the responses of plasma metabolites (amino acids (AA), FFA, endocannabinoids (EC), and primary carbon metabolites (PCM)) to an insulin infusion (65 mU/kg) in early-and late-fasted NES pups (n = 5/ group). Plasma samples were collected prior to infusion (T0) and at 10, 30, 60, and 120 min post-infusion, and underwent untargeted and targeted metabolomics analyses utilizing a variety of GC-MS and LC-MS technologies. Results In early fasting, the majority (72%) of metabolite trajectories return to baseline levels within 2 h, but not in late fasting indicative of an increase in tissue sensitivity to insulin. In late-fasting, increases in FFA and ketone pools, coupled with decreases in AA and PCM, indicate a shift toward lipolysis, beta-oxidation, ketone metabolism, and decreased protein catabolism. Conversely, insulin increased PCM AUC in late fasting suggesting that gluconeogenic pathways are activated. Insulin also decreased FFA AUC between early and late fasting suggesting that insulin suppresses triglyceride hydrolysis.
Significance statement
Insulin resistance is a complicated biological process, but it can be temporary and reversible in many mammals. Here we employed a metabolomics approach to illustrate the shifts in numerous metabolic pathways in fasted, insulininfused northern elephant seal pups that are characterized by temporary, reversible insulin resistance. The evolution of insulin effects appears to be extremely dynamic and potentially very perplexing especially in a large mammal that naturally exhibits relatively low levels. The present study highlights how the use of plasma levels alone to interpret the hormone's function could be problematic, and the dynamic effects of insulin and its potential importance in regulating substrate metabolism during prolonged food deprivation in a large mammal naturally adapted to such an extreme behavior.
Introduction
The classical actions of insulin are to stimulate cellular glucose uptake and promote anabolic processes (Sonksen and Sonksen 2000) . Thus, during periods of starvation or extended food deprivation, insulin and insulin signaling are suppressed to help preserve circulating glucose to support the energetic burdens imposed by the caloric restriction/reduction (DeFronzo et al. 1978) . Therefore, brief and acute bouts of reversible insulin resistance are adaptive in most vertebrates to ameliorate the stress of short-term or abbreviated periods of food deprivation. However, prolonged (2-3 months) fasting is a natural component of the life history of the northern elephant seal (NES) that is characterized by reliance on lipid oxidation, conservation of protein, and reversible adipose-specific insulin resistance (Ortiz 1978; Adams and Costa 1993; Crocker et al. 1998; Houser and Costa 2001; Viscarra et al. 2013) .
Glucose-stimulated insulin secretion, similar to what is achieved during an oral glucose tolerance test (oGTT), typically reduces plasma non-esterified free fatty acids (NEFA) (Karpe et al. 2011) , and this response is consistent during early fasting in NES pups (Viscarra et al. 2011a ). However, during late fasting, an oGTT induced an atypical elevation in NEFA suggesting that prolonged fasting in seals initiates a dynamic shift in substrate utilization, especially as it relates to lipid metabolism. This phenotype in late-fasted seal pups is consistent with the development of adiposespecific insulin resistance and demonstrates the remarkable plasticity of their metabolic network (being able to switch between extreme stages of body mass gain and prolonged fasting independent of consequences on energy balance). Furthermore, a detailed acylcarnitine profile in early-and late-fasted NES pups revealed that total plasma acylcarnitine and acyl:free carnitine ratio increased, indicative of increased accumulation of plasma fatty acylcarnitines and of a higher degree of incomplete β-oxidation with fastinginduced insulin resistance (Viscarra et al. 2012) . The fasting-associated increase in plasma acyl:free carnitine ratio suggests that a temporal change in the dynamics of mitochondrial β-oxidation occurs with fasting duration in NES pups (Adams et al. 1992 ). This acylcarnitine profile also revealed higher levels of medium-chain fatty acid acylcarnitine derivatives that are consistent with those observed in insulin-resistant mice (Koves et al. 2008 ) and type 2 diabetic humans (Adams et al. 2009 ). These patterns of acylcarnitine derivatives are also indicative of increased lipid metabolism and decreased protein catabolism (Viscarra et al. 2012 ). Thus, high-throughput analyses such as acylcarnitine profiles are extremely useful in helping to elucidate potential cellular mechanisms and more thoroughly describe dynamic shifts in substrate utilization and metabolism.
Extensive metabolomic studies in diabetic subjects Wang et al. 2011; Mihalik et al. 2012; Floegel et al. 2013; Liu et al. 2015; Palmer et al. 2015) and animals (Koves et al. 2008; Li et al. 2010) , and the metabolomic response to an oGTT in humans have been performed (Wopereis et al. 2009; Zhao et al. 2009; Lanza et al. 2010; Spégel 2010) . These studies demonstrate distinct alterations in amino acid and branchedchain fatty acid metabolism between normoglycemic and insulin resistant/diabetic subjects Wang et al. 2011; Mihalik et al. 2012; Du et al. 2013; Floegel et al. 2013; Liu et al. 2015; Palmer et al. 2015) . Furthermore, the difference in metabolomic response to an oGTT between normal weight/glycemic subjects and their obese/diabetic counterparts is strikingly distinct and can offer significant insight as to which cellular mechanisms are perturbed (i.e., TCA cycle, mitochondrial β-oxidation, gluconeogenesis, lipolysis etc.). However, during an oGTT, circulating insulin is elevated via glucose-stimulated insulin secretion, making it difficult to differentiate the direct glucose from the insulin-mediated effects. Unfortunately, to the best of our knowledge, the metabolomic and lipidomic responses to insulin infusion have not been reported. Therefore, to better assess this insulin-associated shift in substrate metabolism, we compared the response of plasma metabolites to insulin infusion in early-and late-fasted NES pups, which exhibit a unique insulin resistance-like metabolic phenotype with fasting duration.
Methods

Animals
All procedures were reviewed and approved by the Institutional Animal Care and Use Committees of the University of California, Merced and California State University, Sonoma. Northern elephant seal pups constituting two different cohorts at Año Nuevo State Reserve were studied at two postweaning periods (n = 5/period): early (1-2 weeks postweaning; 127 ± 1 kg) and late (6-7 weeks postweaning; 93 ± 4 kg). Pups were weighed, sedated, and infused in the field as previously described (Viscarra et al. 2011a (Viscarra et al. , b, 2013 . Briefly, pups were sedated with 1 mg/kg Telazol (tiletamine/zolazepam HCl, Fort Dodge Labs, Ft Dodge, IA) administered intramuscularly. Once immobilized, an 18 gauge, 3.5 inch spinal needle was inserted into the extradural vein. Blood samples were obtained, and infusions performed from this site. Continuous immobilization was maintained with ~100 mg bolus intravenous injections of ketamine as needed ).
Insulin infusion protocol
To determine the metabolomic and lipidomic responses to insulin as a function of fasting-induced, adipose-specific insulin resistance, fasting seal pups were infused (i.v.) with a mass-specific dose (0.065 U insulin/kg) (Humulin; Eli Lilly, Indianapolis, IN) as previously described (Viscarra et al. 2013) . Time-course responses to insulin by comparing the differences of the area under the curve (AUC) values yield information about the metabolic plasticity of the animals in the context of fasting duration. Prior to each infusion, a pre-infusion blood sample (i.v.) was collected (baseline or T0). Following the bolus infusion of insulin, blood samples collected at 10, 30, 60, and 120 min were used for this suite of metabolomic/lipidomic analyses. Procedures were terminated at 120 min out of concern for the safety of the animals. Immediately following the collection of the 120 min samples, glucose was infused slowly to assist in the restoration of pre-infusion levels. Blood samples were centrifuged on site for 15 min at 3000 g, and the plasma was transferred to cryo-vials, frozen by immersion in liquid nitrogen, and stored at −80 ℃.
Analysis of primary metabolites
The MiniX database (Scholz and Fiehn 2007 ) was used as a Laboratory Information Management System (LIMS) and for sample randomization prior to all analytical procedures.
Sample preparation
Aliquots of plasma (30µL) stored at −80 °C were thawed, extracted, derivatized, and the metabolite abundances quantified by gas chromatography time-of-flight (GCTOF) mass spectrometry (MS) as previously described (Fiehn 2008) . Briefly, the aliquots were extracted with 1mL of degassed acetonitrile/isopropanol/water (3:3:2) solution at −20 °C centrifuged, the supernatant removed, and solvents evaporated to dryness under reduced pressure. To remove membrane lipids and triglycerides, dried samples were reconstituted with acetonitrile/water (1:1), decanted and taken to dryness under reduced pressure. Internal standards, C8-C30 fatty acid methyl esters, were added to samples and derivatized with methoxyamine hydrochloride in pyridine and subsequently by N-methyl-N-(trimethylsilyl) trifluoroacetamide (Sigma-Aldrich) for trimethylsilylation of acidic protons.
GCTOF data acquisition and processing
Derivatized samples were analyzed on an Agilent 7890 A gas chromatograph (Santa Clara, CA) with a 30 m long, 0.25 mm i.d. Rtx5Sil-MS column with 0.25 µm 5% diphenyl film with an additional 10 m integrated guard column (Restek, Bellefonte PA) (Kind et al. 2007; Fiehn 2008 ). An aliquot (0.5 µL) was injected at 50 ℃ (ramped to 250 °C in splitless mode with a 25 s splitless time. The chromatographic gradient consisted of a constant flow of 1 mL/ min, ramping the oven temperature from 50 to 330 °C over 22 min. Mass spectrometry was performed using a Leco Pegasus IV time-of-flight mass spectrometer, 230 ℃ transfer line temperature, electron ionization at −70 V, and an ion source temperature of 250 ℃. Mass spectra were acquired at 1800 V detector voltage at m/z 85-500 with 17 spectra/sec. Acquired spectra were further processed using the BinBase database (Fiehn 2005; Scholz and Fiehn 2007) . Briefly, output results were filtered based on multiple parameters to exclude noisy or inconsistent peaks (Kind et al. 2007 ). Detailed criteria for peak reporting included mass spectral matching, spectral purity, signal-to-noise ratio, and retention time (Fiehn 2005) . All entries in BinBase were matched against the Fiehn mass spectral library of 1200 authentic metabolite spectra using retention index and mass spectrum information or the NIST11 commercial library. All samples were analyzed in one batch, and data quality and instrument performance were constantly monitored using quality control and reference plasma samples (National Institute of Standards and Technology 2011). Quality controls were comprised of a mixture of standards and analyzed every 10 samples, were monitored for changes in the ratio of the analyte peak heights, and used to ensure equivalent conditions within the instrument (p > 0.05, t Test comparing observed to expected ratios of analyte response factors) over the duration of the sample acquisition (Fiehn 2008) . Pooled plasma samples (n = 9) were included and served as additional quality controls to assess normalization efficiency. Metabolites were reported if present in at least 50% of the samples. Data reported as quantitative ion peak heights were normalized by the sum intensity of all annotated metabolites and used for further statistical analysis.
3.6 Targeted metabolomics analyses of non-esterified fatty acids and endocannabinoids: non-esterified fatty acid sample preparation, data acquisition, and processing
Plasma NEFA were isolated as previously described (Smedes 1999; Gladine et al. 2014 
Endocannabinoid sample preparation, data acquisition, and processing
Endocannabinoids were isolated by solid phase extraction on 10 mg Waters Oasis-HLB cartridges (Milford, MA) as previously described (Luria et al. 2007 ). Prior to extraction, cartridges were washed with 1 column volume ethyl acetate followed by 2 column volumes methanol, and conditioned with 2 mL of 95:5 (v/v) water/methanol (MeOH) with 0.1% acetic acid. The column reservoir was spiked with 5 µL anti-oxidant solution, (0.2 mg/mL BHT/EDTA in 1:1 MeOH/water), and 10 μL 1000 nM analytical surrogates. Sample aliquots (250 μL media) were then introduced to the column reservoir and diluted with 1 column volume wash solution (5% MeOH, 0.1% acetic acid). The sample was gravity extracted and the sorbent bed was washed with 1 column volume of 20% methanol and 0.1% acetic acid. The solid-phase extraction cartridges were dried by vacuum (@ −7.5 in. Hg for 20 min). Analytes were then eluted by gravity with 0.2 mL MeOH, followed by 0.5 mL acetonitrile, followed by 0.5 mL ethyl acetate into 2 mL autosampler vials containing 10 µL of a 20% glycerol/ MeOH solution. Eluent was dried by vacuum evaporation for 35 min, and residues were re-constituted with 100 µL of 100 nM internal standard solution containing 1-cyclohexylureido, 3-dodecanoic acid (CUDA), in 50:50 MeOH/ acetonitrile. Vials were vortexed for 1 min to dissolve residues, chilled 15 min on wet ice, and extracts transferred to a centrifugal filter (0.1 µm Durapore, Millipore, Billerica, MA). After centrifugation (3 min at <4500 g and 6 ℃), the extracts were transferred to 150 µL glass inserts in 2 mL amber vials, capped, and stored at −20 ℃ until analysis by UPLC-MS/MS. The internal standard was used to quantify the recovery of the deuterated extraction surrogates by ratio response.
Endocannabinoid analysis
Analytes in a 10 µL injection of extract were separated with an Aquity C18 Ethylene Bridged Hybrid (BEH) 1.7 µm, 150 mm × 2.1 mm column utilizing a Waters Acquity UPLC (Waters, Milford, MA). The solvent gradient is described with a slight modification from Shearer et al. (Shearer et al. 2010) . The autosampler was maintained at 10 ℃. Resolved analytes were detected by positive mode electrospray ionization and multiple reaction monitoring on an API 4000 QTrap (AB Sciex, Framingham, MA, USA) using the following operating parameters: curtain gas = 20.0 psi, temperature = 500 ℃, ion-spray voltage = 5500.00 V, collision gas = high, ion source gas 1 & 2 = 40.0 psi, collision cell exit potential = 10.0 V, and entrance potential = 10.0 V. Analyte retention times, mass transitions, optimized collision and declustering potential voltages, dwell times, and analytical surrogate associations and recoveries for each analyte are shown on the NIH Metabolomics Workbench (Sud et al. 2015) . Analytes were quantified using isotope dilution and internal standard methodology with 5-7 point calibration curves (R 2 ≥ 0.997). Calibrants and internal standards were either synthesized [CUDA] or purchased from commercial sources (Cayman Chemical, Ann Arbor, MI or Avanti Polar Lipids Inc., Alabaster, AL), unless otherwise indicated. Data is processed utilizing AB Sciex Analyst version 1.6.2.
Statistical analyses
All statistical analyses were performed using R version 3.0.1. The area under the curve (AUC) for t = 0, 10, 30, 60, and 120 min for each metabolite as a function of time postinsulin infusion at each fasting period was calculated based on trapezoidal rule integration. Calculated AUC values were used to summarize the relative change in metabolite concentrations as a function of time for each sample. Variance in AUC values accurately reflects the variance in sample-wise metabolite trends over time. Therefore, the AUC values represent efficient mathematical representations of the original data and enable comparisons between samples' metabolite concentrations over time. However, there is no assumed biochemical context encoded by the AUC method. Independent sample t-tests were conducted with adjustment for unequal variance. The probability of the test statistics (p-values) were adjusted for multiple hypotheses tested (adjusted p-value) (Benjamini 1995) and the false discovery rate was independently estimated (q-value).
Cluster analysis was conducted using k-means on a selforganizing map (SOM). SOM was calculated on a 10 × 10 hexagonal grid from mean time course patterns for early or late fasting groups. The combined data set of early and late metabolite time course patterns were used to identify similarities between early and late groups. Cluster analysis was conducted using k-means on the 100 generated self-organizing map codebooks. The k-means cluster number was selected based on an evaluation of within-cluster distance for 2-50 clusters, with 7 clusters identified as the optimal cluster number. Metabolite to k-means cluster assignments were recovered based on their assignment to SOM codebooks.
Multivariate analyses, principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (O-PLS-DA) were conducted on combined metabolite baseline and AUC values, which were mean centered and scaled to unit variance. PCA was calculated based on the singular value decomposition (Stacklies et al. 2007 ). PCA sample leverage (distance to center of mass in the PCA plane) and D mod X (projected distance to the PCA plane) were used to evaluate potential extreme and moderate outliers, respectively. O-PLS-DA was used to build a classification model to discriminate between early and late fasting animal baseline and AUC patterns and to identify the top 10% of all variable contributions to the observed class discrimination between the two classes (feature selection). Leave-one-out cross-validation was used to fit a preliminary 2 latent variable (LV) O-PLS-DA model.
The top 10% of all AUC and baseline discriminants (features) were selected based on fulfilling two criteria:
(1) correlation with model scores (Wiklund et al. 2008 ) (Spearman's rho, p ≤ 0.1) and (2) the absolute value of the model loading on the first latent variable 1 (LV1) ≥ 90th quantile (Palermo et al. 2009 ), where LV1 is the model component capturing the maximum difference between early and late fasting groups. The classification performance of the selected and excluded feature models was validated and compared using Monte Carlo cross-validation (MCCV) and permutation testing. MCCV was carried out by randomly selecting 2/3 of the animals as a training set (to build models) and using 1/3 of the animals to test the models, while maintaining the proportion of late and early samples in the full dataset. This procedure was repeated 100 times and used to estimate distributions for the model performance statistics. Permutation testing (prediction of randomly assigned phenotype labels) was combined with the described MCCV model cross-validation and used to estimate the probability of achieving the model's predictive performance by chance, through comparison of the actual model Q 2 , AUC, sensitivity, and specificity to those of the NULL hypothesis as defined by the permuted models. Permutation p-values (Phipson and Smyth 2010) were calculated to describe the proportion of cross-validation results showing favorable (less than or greater than, depending on the specific metric) performance for the actual model compared to the permuted (random early or late class labels) and selected vs. excluded feature models.
Metabolic trajectory analysis (Keun et al. 2004 ) was carried out to display geometric differences in early and late fasting animals' response to insulin infusion. PCA was calculated on baseline (T0) adjusted, centered, and scaled to unit variance metabolomic measurements for t = 0, 10, 30, 60 and 120 min. Separate models were calculated based on all measurements or only the top 10% of all O-PLS-DA selected metabolic discriminants between early and late fasting animals. PCA scores were annotated with median scores and standard errors for each group/time-point pair.
Network analysis was used to assess statistically significant results within a biochemical context. A biochemical and chemical similarity network (Barupal et al. 2012) was calculated for all measured metabolites with KEGG (Kanehisa et al. 2016) and PubChem CID (Kim et al. 2016 ) identifiers using MetaMapR (Grapov et al. 2015) . Enzymatic interactions were determined based on product-precursor relationships defined in the KEGG RPAIR database. Molecules not directly involved in biochemical transformations, but sharing structural properties, based on PubChem Substructure Fingerprints (Cao et al. 2008 ) were connected at a Tanimoto similarity threshold ≥ 0.7. Pathway enrichment analysis was conducted using Metaboanalyst 3.0 (Xia and Wishart 2011) . Significantly different metabolites between early and late-fasting mammals were matched against the Homo sapiens pathway library and analyzed using hypergeometric tests with out-degree centrality.
Results
Prolonged fasting increases β-oxidation and spares lean tissue
We identified 41 out of 171 known metabolites that changed significantly in baseline (T0) values between early and late fasting (p < 0.05) ( Fig. 1 and Supplemental Table 1 ). These metabolites clustered into seven distinct biochemical categories for analysis: (1) amino acids, (2) endocannabinoids, (3) fatty acids, (4) glucose, (5) ketone bodies, (6) organic acids, and (7) primary carbon metabolites (Fig. 1) . Prolonged fasting was associated with the represents the relative change (grey, p-value > 0.05; green, decrease, red, increase) in late fasting compared to early fasting. Shapes display metabolites' molecular classes or biochemical sub-domains and those metabolites which were significant following FDR-adjustment are highlighted with thick black borders most profound changes in FFA. The increases in baseline fatty acid concentrations ranged from 28% (palmitic acid) to 144% (elaidic acid). Similarly, the ketones acetoacetate and 3-hydroxybutyric acid increased 133% and 347% in late fasting, respectively. Conversely, there were mixed changes with other primary metabolites and endocannabinoids over this time ( Fig. 1 and Supplemental Table 1 ). The primary metabolite 1,5-anhydroglucitol and endocannabinoid anandamide increased by 37% and 74%, respectively. Several of these metabolites are downstream products of lipid oxidation, providing additional evidence of upregulated lipid oxidation in late fasting. In contrast, endocannabinoid-like DHEA and SEA and glucogenic/ketogenic amino acids alanine, asparagine, cysteine, tryptophan, tyrosine and valine decreased.
When baseline levels were normalized to the animal's plasma volume (estimated by body mass) to correct for changes associated with fasting duration (Somo et al. 2015) , this correction had only a subtle effect on our results. The effect of this correction was observed in a few metabolites related to lipid oxidation. However, since many lipid oxidation products were significant without plasma volume adjustment, this did not change our interpretation of the results. Pathway enrichment analysis of significantly perturbed metabolites (p < 0.05) indicated 9 biochemical pathways that were significantly deregulated between early and late fasting in seals (p < 0.05) (Supplemental Table 2 ). The most perturbed pathways included ketone and branched-chain amino acid metabolism.
Collectively, the changes in baseline concentrations and path analyses demonstrate an increase in fatty acid and ketone pool size, coupled with a decrease in amino acids and primary metabolites in late-fasted seals indicating that fasting duration shifts substrate metabolism toward an increase in lipolysis, β-oxidation, and ketone metabolism as the primary sources of energy, associated with a robust conservation of protein (lean tissue) (Fig. 1). 
Despite protracted fasting, insulin facilitates a shift toward fatty acid metabolism
The time course trajectories following insulin infusion identified 23 of 171 metabolites with significantly (p < 0.05) perturbed AUC values between early and late fasting (Table 1) indicating that fasting duration alters the tissue's responsiveness to insulin. Fatty acid metabolism in response to insulin is characterized by decreased AUC values between early and late fasting, with all AUC values of FFA in late fasting being negative (Table 1 ). The responses of ketones and EC to the insulin infusion were similar suggesting that lipolytic and endocannabinoid pathways share common insulin-mediated processes (Fig. 2) . In early fasting, these metabolite levels decreased, reaching a nadir at 30 min post-infusion. For FFA, levels returned to baseline by 60 min and remained so for the rest of the measurement period, whereas ketones and EC peaked at 60 min before returning to baseline at 120 min (Fig. 2) . Initially, insulin increased primary metabolites and amino acids before levels reached a nadir at 60 min and returned to baseline by 120 min (Fig. 2) . In late fasting, FFA and EC decreased similarly, reaching a nadir at 60 min before returning to baseline by 120 min (Fig. 2) . Ketones displayed a transient increase before a nadir at 60 min and returning to baseline by 120 min (Fig. 2) . Primary metabolites and amino acids AUC values increased (with all values being positive with the exception of isoleucine). In contrast to the early fasting response, insulin increased amino acid levels reaching a peak at 60 min before decreasing to baseline at 120 min (Fig. 2 ) .
Principal component analysis (PCA) revealed that the maximum geometric distance occurred at 60 min for both early and late fasting, regardless of trajectory (Fig. 3a, c) . In the early fast the majority (72%) of metabolite trajectories return to baseline (±30% of baseline) at 120 min. In contrast, the majority of metabolite concentrations in the late fast (53%) did not return to baseline (±30% of baseline), and present a residual difference at 120 min postinfusion. Collectively, the integrated insulin responses (AUC) and PCA data reveal that in late-fasted animals (characterized by insulin resistance) the available pool of free fatty acids is depleted quickly, and likely shuttled into the TCA cycle. Conversely, the insulin-induced increases in primary metabolites (AUCs) are indicative of activation of gluconeogenic precursors (Figs. 3c, d, 44 c, d ).
Fasting duration alters the metabolic response to insulin
Hierarchical clustering identified groups of metabolites with similar trajectories in both early and late fasting as well as in a joined cohort of both early and late fast. The seven main classes of metabolites grouped into four distinct clusters in early and four clusters in late fasting (Fig. 4c,  d ). Clustering based on hierarchical (Fig. 4c, d ) and nonhierarchical methods on self-organizing maps (Fig. 4a, b ) aligned well with each other. In early fasting, ketone, EC, and TCA cycle metabolite profiles demonstrated a common peak and clustered together. Trajectories for amino acids and primary metabolites were closely related. The FFA profiles were characterized by a rapid, initial decrease recovering by 60 min, which was distinctive from the profiles for amino acids and primary metabolites. In late fasting, FFA and EC were correlated and clustered together with a decrease at 60 min (Fig. 4c, d) . A comparison of the metabolomic profiles between early-and late-fasted animals in response to the insulin infusion demonstrated profound shifts in cellular metabolism and biochemical processes as a function of fasting duration. Cluster analysis allowed for assessment of the transition from negative to positive AUC values with fasting duration.
Discussion
The reliance of the elephant seal on lipid oxidation (RQ = 0.73) (Ortiz 1978; Houser et al. 2012 ) to meet its energetic demands during their prolonged bouts of fasting, which are a natural and evolved component of the animal's life history, is unorthodox, if not unique. Animals, including humans, shift from reliance on one substrate (usually glucose initially) to another (lipids followed by protein) over the course of food deprivation or scarcity (Cahill 1970 ), but rarely is the RQ fixed over a prolonged period of food deprivation. What makes this evolved behavior even more fascinating is that the animals develop reversible, tissue-specific insulin resistance (Viscarra et al. 2011a (Viscarra et al. , b, 2012 (Viscarra et al. , 2013 . Furthermore, fasting duration is associated with a decrease in plasma insulin (Ortiz et al. 2003; Viscarra et al. 2011a, b) suggesting that target tissues may be desensitized to insulin during this time to help maintain circulating glucose levels over the protracted fast. Despite exhibiting an insulin resistance-like phenotype and tolerating circumstances that would otherwise Endocannabinoid and Endocannabinoid-like compounds are presented as nM; *free fatty acids are presented as µM be considered detrimental, the fact that elephant seal pups developmentally thrive is truly remarkable. Here we show that: (1) despite an evolved mechanism to suppress circulating insulin with fasting duration, tissues remain responsive to insulin, (2) despite the reliance on lipid oxidation to fulfill their energetic needs, insulin has profound effects on endocannabinoids, ketones, and primary carbon metabolites, and (3) fasting duration (and thus the development of insulin resistance) has remarkable effects on modulating insulin-mediated metabolism of endocannabinoids, fatty acids and TCA cycle components. These findings are significant because they shed light on the evolution of insulin actions on substrate metabolism in an animal model of reversible insulin resistance at a time when the identification of alternative models for the study of metabolic disorders is at a premium.
An important and significant component of the current study was the use of a combination of untargeted and targeted metabolomics with the aims of identifying metabolic alterations associated with fasting status and insulin resistance in a large mammal. Furthermore, a thorough examination of the metabolic responses of early-and late-fasted seals to exogenous insulin provides previously unrealized insight into the metabolic programming or biochemical shifts induced by insulin.
Fasting duration shifts the metabolic trajectories to insulin infusion
An important and very compelling finding stemming from the insulin infusion studies is the extensive metabolomic characterization of the effects of fasting duration (and thus IR-like condition) on the cellular responses to insulin. Early-and late-fasted seals exhibit different metabolic profiles in responses to insulin indicating that fasting duration shifts the cellular sensitivity to insulin. The most striking distinctions were the responses in circulating FFAs, endocannabinoid and endocannabinoid-like metabolites, and ketones. In late-fasted seals, FFAs and the endocannabinoids, AEA and OEA, decreased during the first 60 min of insulin infusion followed by a return to baseline values. In hibernating bears, the growth hormone-induced increase in insulin was associated with nearly a fourfold increase in FFA 7 days post-infusion suggestive of increased lipolysis (Blumenthal et al. 2011) . The corresponding reductions in AEA and OEA are consistent with previous data demonstrating that endocannabinoid and N-acylethanolamides reflect changes in FFA concentrations (Joosten et al. 2010) . On the contrary, 3-hydroxybutyric acid decreased during the first 60 min of insulin infusion and remained suppressed suggesting that under normal conditions insulin promotes the complete metabolism of ketones so that they do not accumulate. In contrast, the growth hormone-induced increase in insulin stimulated over a sixfold increase in plasma β-hydroxy butyrate in hibernating bears (Blumenthal et al. 2011) . The differential responses compared to hibernating bears most likely reflect differences in energetic demands between the two animals as hibernating bears are hypothermic and metabolically quiescent while fasting seal pups are metabolically active and normothermic. A consequence of diabetes is the accumulation of ketones, which may be the result of increased hepatic production and/or incomplete metabolism by extrahepatic tissues (Jefferies et al. 2015) . Furthermore, the corresponding trajectories in FFAs were inversely mirrored by carbohydrates suggesting that exogenous insulin in late-fasted seals facilitates a preferential switch from lipid oxidation to glucose utilization and the promotion of glycolysis consistent with the Randle cycle (Hue and Taegtmeyer 2009) . This is further supported by an increase in pyruvic acid with insulin infusion in late-fasted seals, which was not observed in early-fasted seals, suggesting that this shift toward a Randle cycle may be a significant metabolic shift to facilitate the adipose-specific insulin resistance (McGarry 1998 (McGarry , 2002 . Many of the TCA intermediates exhibited a similar response to insulin suggesting that these intermediates are derived from carbohydrate metabolism rather than fatty acid oxidation or amino acid catabolism. If insulin has the potential to preferentially shift substrate utilization as suggested by the data, then this may help explain why insulin levels remain relatively low and decrease with fasting duration, ultimately, helping to support a fixed RQ of 0.73. Conversely, when the animals begin to feed in coldwater environments, a shift toward a reduced metabolic Fig. 4 Self-organizing maps of the seven plasma metabolite classes (amino acids, endocannabinoids, fatty acids, glucose, hydroxy acids, organic acids, and primary carbon metabolites) measured for a early-and b late-fasted northern elephant seal pups following an exogenous insulin infusion. Metabolite trajectories are shown within the map nodes. The seven metabolite classes were grouped by area under the curve (AUC) using hierarchical clustering into four clusters in both c early and d late fast. The circular diagram shows how each metabolite class transitions into a new cluster from early fast (left hemisphere) to late fast (right hemisphere). The metabolite classes are arranged according to their response to insulin with increasing values for AUC from top to bottom dependence on lipid oxidation would allow the seals to conserve fat stores (insulation), and increase carbohydrate metabolism. Nonetheless, these data demonstrate the very dynamic effects of insulin that would otherwise be masked by attempts to reconcile based solely on plasma levels.
The switch to glucose and related-carbohydrate metabolism in late-fasted seals during insulin infusion may also explain the observed trajectories in most amino acids, particularly alanine. During baseline, late-fasted seals exhibited marked reductions in several amino acids compared to early-fasted seals, likely due to a combination of increased anaplerosis of ketogenic and gluconeogenic precursors, and a decrease in proteolysis (protein catabolism/ lean-tissue sparing). This is consistent with what has been reported previously (Crocker et al. 1998; Houser and Costa 2001; Houser and Crocker 2004) . However, during insulin infusion amino acids, particularly alanine, mimicked the metabolic trajectories of carbohydrates. Alanine is particularly relevant given its importance in protein synthesis (mainly in the muscles) as well as nitrogen disposal from peripheral tissue to the liver (where it is transaminated back to pyruvate). Pyruvate can then either be oxidized or converted to glucose via gluconeogenesis (Rosen et al. 1959) . Collectively, the aforementioned changes in late-fasted seals during insulin infusion suggest that: (1) the reliance on fatty acid oxidation is decreased, (2) the utilization of carbohydrates is increased, (3) circulating amino acids for protein synthesis is altered, and (4) nitrogen disposal is increased, all of which may be a consequence of the buildup of nitrogenous waste associated with amino acid catabolism that occurs with food deprivation or starvation (Cahill 1970; Goodman et al. 1980) . Also of note is the apparent lag in response to insulin infusion in late-compared to early-fasted seals. During early fasting, insulin infusion most often resulted in rapid, acute changes in metabolite concentrations that returned to baseline within the measurement period. Conversely, in late-fasted seals the responses were mostly either inverse, in cases where preferential usage of metabolic pathways changed, or their behaviors were similar with the exception that there was a lag affect in which concentrations did not return to baseline over the measurement period. This difference in the timing of responses to insulin between early-and late-fasted seals suggests that fasting duration alters the initiation of compensatory biochemical mechanisms that contribute to the maintenance of substrate homeostasis, particularly glucose. Given insulin's profound effects on perturbing metabolic pathways in elephant seal pups, this may partially explain the natural decrease in plasma insulin as an evolved adaptation to prolonged fasting as a means to: (1) alleviate the insulin-induced suppression of lipolysis, (2) abate increased cellular metabolism and the subsequent energetic burden (ie, insulin-induced anabolism) in the absence of caloric intake, and (3) facilitate cellular homeostasis. If so, this would help explain why impaired insulin signaling has such dire consequences on cellular metabolism and appropriate substrate metabolism in nonadapted mammals.
Late fasted seals model an insulin resistance-like phenotype
The increase in baseline free fatty acid values in late fasting, along with the concomitant decrease in primary carbon metabolites, is indicative an insulin resistancelike (IR-like) phenotype. Temporary and reversible insulin resistance (IR) is a common response in mammals to conserve circulating glucose, but the fasting durations between those mammals and seals are not comparable. Additionally, the unique metabolic network constructed for seals here provides a framework to differentiate reversible, long-term IR-like phenotype and true insulin resistance. Similar to IR, the IR-like phenotype observed in seals is characterized by elevated plasma FFA and glucose levels. While the data clearly demonstrate that tissues remain responsive to insulin, the changes in plasma metabolites in response to insulin are shifted by approximately 30 min suggesting that the sensitivity to insulin in peripheral target tissues is decreased. Thus, in addition to relatively low plasma insulin concentrations in fasting seal pups (Viscarra et al. 2011a (Viscarra et al. , b, 2013 Ortiz et al. 2003; Champagne et al. 2012 ) a decrease in tissue sensitivity is an adaptation to facilitate the development of an IR-like condition, which collectively, is important for the maintenance of circulating glucose to support the metabolism of glucose-dependent tissues. Additional comparisons of response curves to insulin reveal further unique differences. Notably, insulin increased plasma amino acid levels indicative of protein catabolism, which is not typically seen in other models of insulin resistance. However, this unique response is likely an evolved adaptation to facilitate the development of an IR-like phenotype that is not associated with detrimental outcomes. It is also important to note that the amino acid response to insulin is the opposite of their unstimulated, fasting metabolic state where protein is rigorously conserved. Collectively, these data define an IR-like phenotype that may characterize an intermediary phenotype and differentiate it from the human condition, which is associated with severe metabolic derangements and consequences, and the current condition, which is evolved and a natural component of the animal's life history and absent of irrecoverable metabolic detriments. 
Baseline changes
Consistent with the findings by others (Tsatsoulis et al. 2013; Houser et al. 2013; Viscarra et al. 2013 Viscarra et al. , 2012 Friedrich 2012) we observed an increase in baseline plasma free medium-(caprate and myristate) and long-chain (oleate, vaccinate, linoleate, EPA, and palmitate) fatty acids in late-fasted seals indicating that lipolysis increased, likely as a consequence of the increased demand for energy derived from the oxidation of FFA. Our findings are corroborated by previous data demonstrating that adipose lipases (LPL and ATGL) involved in regulation of nonesterified fatty acids (NEFA) are elevated with fasting in elephant seal pups (Viscarra et al. 2012) . Additionally, circulating ketones (acetoacetate and 3-hydroxybutyric acid) increased in late compared to early fasting animals . During food deprivation and insulin resistance, ketones are frequently elevated, a consequence of the increased reliance on beta-oxidation of FFA and amino acid catabolism (Stojanovic and Ihle 2011) .
In addition to the increase in ketones and FFAs, the endocannabinoid AEA was increased in late-fasted pups. Insulin resistance or diabetes is known to impact endocannabinoid metabolism (D'Eon et al. 2008; Di Marzo et al. 2009 ). The regulation of the endocannabinoids in adipocytes is compromised during insulin resistance, leading to enhanced endocannabinoid signaling (D'Eon et al. 2008) . Consequently, this dysregulation of ECs impairs metabolism resulting in changes in fatty acid synthesis and utilization, insulin sensitivity, and glucose utilization (Naughton et al. 2013) . The impact of alterations in EC and EC-like metabolism on insulin sensitivity and metabolic syndrome is of particular interest and remains a focal point in future studies.
It has been postulated that up-regulation of the TCA cycle accommodates increased rates of FFA oxidation to prevent ketoacidosis via the accumulation of ketone bodies and to maintain endogenous glucose production . Specifically, when glucose is limited or being preserved, anaplerotic reactions can supply the TCA cycle with intermediates ). In our study, ketogenic (tryptophan and threonine) and gluconeogenic precursors (alanine, asparagine, tryptophan, and threonine) decreased in late-fasted seals suggesting that the use of anaplerotic pathways increased with fasting (Owen et al. 2002) . Interestingly, the characteristic increase in circulating branched-chain amino acids with the exception of isoleucine, commonly observed in insulin resistant, obese diabetics (Adams 2011; Friedrich 2012; McCormack et al. 2013) , was not observed in fasting seals. On the contrary, valine decreased in late-fasted seals. However, similar to previously published observations of decreased glucose and insulin levels in late-fasted seals (Viscarra et al. 2013) , not all metabolic changes resembled an obesity-related, insulin resistance phenotype. Thus, the observed alterations in branched-chain amino acid metabolism may have evolved differentially in elephant seals to provide a unique metabolic pathway during prolonged fasting that compensates for the fasting-associated insulin resistance described in fasting seal pups (Viscarra et al. 2012) .
Consistent with the observed and previously reported (Viscarra et al. 2011b ) decreases in glucose with fasting duration, other circulating sugars and sugar-alcohols were also reduced in late-versus early-fasted seals. This may suggest that utilization of other carbohydrate sources is increased to conserve circulating glucose levels as much as possible for use by glucose-dependent tissues. Circulating 1,5-anhydroglucitol, a marker of glycemic control (Yamanouchi et al. 1996; Buse et al. 2003; Champagne et al. 2013) , was increased in late-fasted seals consistent with previously reported changes in both lactating and post-weaned pups . The lack of a change in 1,5-anhydroglucitol in response to insulin suggests that any perturbations in carbohydrate metabolism (ie, glycogenolysis) by insulin were not sufficient to induce detectable changes in 1,5-anhydroglucitol, which is consistent with the fastingassociated increases in baseline levels in the presence of decreasing insulin levels (Ortiz et al. 2003; Champagne et al. 2013) .
Perspectives
The present study describes the shifts in numerous metabolic pathways in fasted, insulin-infused northern elephant seal pups that are characterized by temporary, reversible insulin resistance. In particular, increases in fasting plasma ECs, FFAs, and ketones as well as decreased substrates for glutathione production were representative of this seemingly pathological, however, well-adapted condition. Nonetheless, the increase in 1,5-anhydroglucitol and decrease in AAs suggest that seal muscle may be comparatively more insulin sensitive than their adipose tissue, a contention supported by assessment of the phosphorylation of insulin receptor and other signaling proteins in adipose and muscle. Previously published data on gene expression, enzyme activity, and endocrine regulation as well as glucose and triglyceride metabolism support the metabolomics results described herein (Viscarra et al. 2011b (Viscarra et al. , 2013 Champagne et al. 2012; Houser et al. 2012) . Thus, metabolomics proved to be an insightful tool to more thoroughly characterize this metabolic phenotype and to complement results gathered previously. Likewise, the results further support the establishment of the northern elephant seal as a useful, tractable large mammalian model for the investigation of temporary, reversible insulin resistance. The use of metabolomic approaches to compliment the suite of other studies in seals clearly illustrates the dynamic effects of insulin and its potential importance in regulating substrate metabolism during prolonged food deprivation in a large mammal naturally adapted to such an extreme behavior.
